Age-and menopause-related impairment in working memory mediated by the dorsolateral prefrontal cortex (dlPFC) occurs in humans and nonhuman primates. Long-term cyclic 17β-estradiol treatment rescues cognitive deficits in aged ovariectomized rhesus monkeys while restoring highly plastic synapses. Here we tested whether distributions of G protein-coupled estrogen receptor 1 (GPER1) within monkey layer III dlPFC synapses are sensitive to age and estradiol, and coupled to cognitive function. Ovariectomized young and aged monkeys administered vehicle or estradiol were first tested on a delayed response test of working memory. Then, quantitative serial section immunoelectron microscopy was used to determine the distributions of synaptic GPER1. GPER1-containing nonperforated axospinous synapse density was reduced with age, and partially restored with estrogen treatment. The majority of synapses expressed GPER1, which was predominately localized to presynaptic cytoplasm and mitochondria. GPER1 was also abundant at plasmalemmas, and within cytoplasmic and postsynaptic density (PSD) domains of dendritic spines. GPER1 levels did not differ with age or treatment, and none of the variables examined were tightly associated with cognitive function. However, greater representation of GPER1 subjacent to the PSD accompanied higher synapse density. These data suggest that GPER1 is positioned to support diverse functions key to synaptic plasticity in monkey dlPFC.
Introduction
In humans and nonhuman primates, the loss of circulating estrogen with menopause exacerbates normal age-related deficits in working memory, a higher-order cognitive function in which information is kept "in mind" in the absence of sensory stimulation (dlPFC) that are highly vulnerable to aging and menopause (Funahashi et al. 1989; Goldman-Rakic 1995; Hao et al. 2007; Dumitriu et al. 2010; Wang et al. 2011; Arnsten et al. 2012) . In preclinical studies, we previously demonstrated that long-term cyclic administration of 17β-estradiol in aged ovariectomized rhesus monkeys reversed cognitive deficits measured by the well-characterized delayed response (DR) test of spatiotemporal working memory (Rapp et al. 2003; Hao et al. 2007 ). The age-related loss of highly plastic synapses observed on layer III dlPFC pyramidal neurons was also restored by estradiol treatment (Hao et al. 2007; Dumitriu et al. 2010) . Recently, we reported that estrogen receptor ER-α, while likely important for working memory, was most abundant within synapses that remained stable with age, and regardless of circulating estrogen levels (Wang et al. 2010) . Thus, whether the distributions of a specific estrogen receptor within dlPFC synapses are associated with the synaptic and procognitive effects of estradiol is yet to be determined.
G protein-coupled estrogen receptor 1 (GPER1) is expressed across multiple different regions along the rostrocaudal axis of the mammalian brain (Hazell et al. 2009; Naugle et al. 2014) . It has been identified in rodent forebrain pyramidal neurons at extranuclear sites within the soma, and within both axonal and dendritic compartments (Almey et al. 2014; Waters et al. 2015) . In synapses, GPER1 interacts with several structurally and functionally relevant proteins, such as spine scaffold protein PSD-95 and GluN2B-containing NMDA receptors, and may play a role in regulating spine density (Liu et al. 2012; Akama et al. 2013; Srivastava and Evans 2013; Gabor et al. 2015; Waters et al. 2015) . Further, activation of GPER1 both modulates excitatory and inhibitory synaptic transmission, and improves learning and memory following ovariectomy in rodents (Hammond et al. 2009 (Hammond et al. , 2012 Lebesgue et al. 2009 Lebesgue et al. , 2010 Liu et al. 2012 Liu et al. , 2015 Hawley et al. 2014; Gabor et al. 2015) .
A substantial literature now suggests that GPER1 exerts a wide range of neuroprotective actions, including a number targeting synaptic integrity (Lebesgue et al. 2009 (Lebesgue et al. , 2010 Kosaka et al. 2012; Liu et al. 2012; Gaudet et al. 2015) . For example, GPER1 agonist G1 reduced glutamate-induced excitotoxicity by attenuating NMDA receptor-elicited currents in cultured cortical neurons (Liu et al. 2012 ). In addition, GPER1 stimulation afforded protection from ischemic injury by activating a small-conductance calcium-activated potassium channel, and through modulation of excitatory synaptic responses in rodent hippocampal synapses (Lebesgue et al. 2009 (Lebesgue et al. , 2010 Kosaka et al. 2012) . Together, these findings raise the exciting possibility that estrogen may promote synaptic and cognitive health through GPER1-mediated signaling.
Using monkeys from our preclinical studies discussed above, the initial aim of the present investigation was to determine whether GPER1 was present in monkey dlPFC synapses and preferentially localized to distinct domains within a specific synaptic subclass; and, secondly to test for potential effects of age and estradiol on the distributions of synaptic GPER1 in relation to the integrity of prefrontal cortex-dependent working memory (Rapp et al. 2003; Hao et al. 2007; Wang et al. 2010 ). This research provides important clues as to how the anatomical positioning of GPER1 within monkey dlPFC synapses might support synaptic plasticity with age and menopause.
Materials and Methods

Animals
Thirteen young adult (mean ± SEM, 10.37 ± 0.65 years old) and 13 aged (mean ± SEM, 24.99 ± 0.70 years old) female rhesus monkeys (Macaca mulatta) were used in this study. These monkeys were part of a larger cohort used in a series of studies evaluating the effects of age and estradiol on cognition, and on several neurobiological parameters (Rapp et al. 2003; Hao et al. 2006 Hao et al. , 2007 Yague et al. 2008; Wang et al. 2010) . As such, all monkeys examined in the present study were previously behaviorally characterized, and the behavioral data for ovariectomized young and aged monkeys reported here were also included in Rapp et al. (2003) and Hao et al. (2007) . Monkeys were singly housed in colonies of ∼40 animals at the California National Primate Research Center, University of California, Davis. Water and monkey chow were provided in excess of nutritional needs. All experiments were conducted in compliance with the National Institutes of Health "Guidelines for the Care and Use of Experimental Animals," and were approved by the Institutional Animal Care and Use Committee at the University of California, Davis.
Monkeys as a Model for Aging and Menopause
Female rhesus monkeys are valuable models for studying aging, menopause, and related cognitive decline for several reasons. Like humans, rhesus monkeys are vulnerable to age-and menopause-related cognitive deficits. Importantly, their cognitive status can be quantified over the life course using a battery of cognitive tests that are similar to, if not the same as, those used in humans (Squire et al. 1988; Nagahara et al. 2010) . Rhesus monkey neuroanatomy, neuronal gene expression, reproductive physiology, and patterns of endocrine senescence are all similar to those of women (Matt et al. 1998; Petrides and Pandya 1999; Gill et al. 2002; Woller et al. 2002; Nichols et al. 2005; Loerch et al. 2008; Walker and Herndon 2008; . Notably, macaques undergo a low-estrogen menopause qualitatively similar to women, although relatively later in the lifespan Nichols et al. 2005; Walker and Herndon 2008) . Longevity in rhesus monkey is ∼35 years, and the ratio with human aging has been estimated as 1:3 (Tigges et al. 1988) . Finally, rhesus monkeys are not subject to Alzheimer's disease, so the effects of aging and menopause can be studied in the absence of neurodegenerative changes (Gearing et al. 1996; Sloane et al. 1997; Peters et al. 1999; Kimura et al. 2003) ,
DR Test
The DR test of spatiotemporal working memory was conducted as described previously (see Rapp et al. 2003 for details). Briefly, monkeys watched from behind a transparent screen while one of the lateral recessed wells of a test tray was baited with a food reward. Then, both lateral wells were covered with identical plaques, and an opaque screen was lowered to block the tray from view. Following a retention interval (i.e., a delay interval), the opaque screen was raised and monkeys were permitted to retrieve the food reward upon correct selection of the baited well. Left and right wells were baited equally across trials per testing session throughout the experiment. After animals initially learned procedural aspects of the DR task with short delays, memory was challenged with successively longer delay intervals of 5-, 10-, 15-, 30-, and 60-s (90 trials total/delay interval, 30 trials per day). Inter-trial interval was set to 20 s for the duration of testing.
Ovariectomy and 17β-estradiol Replacement
All monkeys included in this study received bilateral ovariectomies, and were randomly assigned to age-matched vehicle or estradiol treatment groups as part of earlier experiments performed by our group (Rapp et al. 2003; Hao et al. 2007 ). Aged monkeys were premenopausal or perimenopausal at the time of surgery. Vehicle and estradiol treatments began following a post ovariectomy interval of 30 ± 1.7 weeks (mean ± SEM). Six of the animals available for this study per age group received 100 µg of estradiol cypionate (100 µg/ml sterile peanut oil, i.m.; Pharmacia) in a single injection every 21 days regardless of weight. The remaining 7 monkeys per age group included here received the same volume of vehicle according to the same administration schedule. Treatment extended over 2-3 years of behavioral testing, and animals were perfused 24 h following the final injection. Injection group designation and administration was coded, and all experimenters were blinded as per each of our studies involving the use of these monkeys (Rapp et al. 2003; Hao et al. 2006; Yague et al. 2008) . Blind codes assigned at the beginning of this study were retained over its full course, including during all immunoelectron microscopy experiments and assessments, until statistical analyses were performed. Both serum 17β-estradiol and urine estrogen metabolite levels were measured at several time points, and ovariectomy reduced these levels to near zero (Shideler et al. 1993; Rapp et al. 2003) . Following each injection, a rapid rise in circulating 17β-estradiol was observed in estradiol-, but not vehicle-treated monkeys. Estrogen levels peaked near values for ovary-intact female monkeys within 24 h of injection, after which they declined to baseline over the course of several days. Behavioral testing and endocrine treatments were continued to the time of perfusion.
Perfusion and Tissue Processing for Electron Microscopy
Twenty-four hours following the final injection of vehicle or estradiol, monkeys were sedated with ketamine hydrochloride (25 mg/kg), and deeply anesthetized with sodium pentobarbital (20-35 mg/kg, i.v.). They were then intubated and mechanically ventilated. Following a thoracotomy, 0.5% sodium nitrate (1.5 ml) was injected into the left ventricle of the heart, and the descending aorta was clamped. Monkeys were sacrificed by exsanguination while being perfused transcardially first with ice-cold 1% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS; pH 7.2) for 1 min, and then with ice-cold 4% PFA in 0.1 M PBS for 12 min. Next, a craniotomy was performed, and the brain was removed and dissected in its entirety, including a frontal block containing the region surrounding the sulcus principalis (Brodmann's Area 46). The frontal block was postfixed in 4% PFA/0.125% glutaraldehyde in 0.1 M PBS for 6 h, and cut serially on a vibratome (Leica). Series of two 400-µm thick sections and ten 50-µm thick sections were collected across the entire rostrocaudal extent of Area 46; one 400-µm thick section per series was used for electron microscopy, and the other for experiments described in earlier work by our group (Hao et al. 2006 (Hao et al. , 2007 . Freeze-substitution and low-temperature embedding of sections were performed as described previously (Adams et al. 2001 (Adams et al. , 2002 Yildirim et al. 2008) . Briefly, sections were cryoprotected by immersion in increasing concentrations of glycerol in 0.1 M PB (10, 20, and 30% each for 2 h, then 30% overnight), and then rapidly plunged into liquid propane cooled by liquid nitrogen to −190°C in a Universal Cryofixation System KF80 (Reichert-Young). For en bloc fixation, cryoprotected sections were immersed in 1.5% uranyl acetate in anhydrous methanol (−90°C) for 24 h in a cryosubstitution Automatic Freeze-Substitution Stem unit (Leica). The temperature on the unit was then raised from −90 to −45°C in 4°C/h increments. The sections were washed with anhydrous methanol and infiltrated for 1 h each with progressively increasing concentrations of Lowicryl HM20 resin (Electron Microscopy Sciences) at −45°C followed by an overnight incubation with 100% Lowicryl. Ultraviolet light (360 nm) was used to polymerize the sections at −45°C for 48 h, and then at room temperature for 24 h. Five or more consecutive ultrathin (90-nm thick) sections each were cut on a Reichert-Jung ultramicrotome using a Diatome diamond knife (Electron Microscopy Sciences), and were mounted on an individual formvar-supported slot grid (Electron Micscopy Sciences) for subsequent immunoelectron microscopy experiments.
Postembedding Immunogold Labeling
A well-characterized rabbit polyclonal antibody raised against a synthetic peptide corresponding to the third extracellular domain of human GPER1 (amino acids 195-220) , and purified by peptide immunogen affinity column, was obtained commercially (LS-A4271, MBL International Corporation) for use in this study. This antibody has been extensively tested, and previously shown by others to specifically recognize human GPER1 in a number of different tissues and cell types by Western blot analysis, and by immunohistochemistry (Isensee et al. 2009; Vivacqua et al. 2009; Lappano et al. 2010; Franco et al. 2011; Rago et al. 2011 Rago et al. , 2014 Recchia et al. 2011) . The specificity of the antibody was assessed in previous cell culture experiments using short hairpin RNA construct to knock down human GPER1 expression (Vivacqua et al. 2009; Lappano et al. 2010; . The specificity of the antibody was further confirmed in the present study by performing a peptide adsorption control experiment with the immunizing peptide (LS-P4271; MBL International Corporation) in which no immunogold particle labeling was observed. Finally, electron microscopic immunocytochemistry showed that the antibody used here had comparable labeling patterns to another commercially available and well-characterized antibody (LS-A4272, MBL International Corporation) raised against human GPER1 (Akama et al. 2013; Waters et al. 2015) .
Postembedding immunogold labeling was performed using methods similar to those described in our previous reports (Yildirim et al. 2008; Wang et al. 2010; Hara, Punsoni, et al. 2012; Bloss et al. 2013) . Sections were first treated with 0.1% sodium borohydride/50 mM glycine in 0.3% NaCl/0.005 M Tris buffered saline (TBS) to remove excess aldehydes. They were then rinsed thoroughly with TBS, and incubated in TBS containing 2% human serum albumin (HSA) for 30 min at room temperature to block nonspecific binding of antisera. Next, sections were incubated in a rabbit polyclonal antibody raised against the third extracellular domain of human GPER1 (1:400 dilution; 2.5 µg/ml; MBL International Corporation) in 2% HSA/TBS overnight at room temperature. After thorough washing with TBS, sections were blocked with 2% HSA/TBS, and then incubated with the F(ab′) fragments of goat anti-rabbit IgG conjugated to 10 nm gold particles (1:40 dilution; Electron Microscopy Sciences), 2% HSA, and 5 mg/ml polyethylene glycol in TBS. Following a final thorough washing with TBS, sections were dried and then counterstained with 1% uranyl acetate for 45 min. The absence of gold particles when the primary antibody was omitted confirmed the specificity of the secondary antibody.
Quantitative Analysis of GPER1 Immunolabeling
All imaging and quantitative analyses of immunolabeling and synaptic morphology were performed by an experimenter who was blind to both group designation and behavioral performance. Images were acquired at 80 kV with a Jeol 1200 EX transmission electron microscope equipped with an AMT Advantage CCD camera (Advanced Microscopy Techniques) using a systematic-random approach. Twenty image sets of 5 serial ultrathin sections for each monkey were captured at 6000× magnification in Area 46 layer III (∼250-350 µm deep to the basal laminar aspect of layer I) of the dlPFC. As described in Hara, Punsoni et al. (2012) , a principal goal of the present study was to provide a highly accurate and detailed characterization of synaptic immunolabeling patterns. For this reason, we chose to maximize the number of synapses included in analyses by using the third section as a reference section, and all synapses that possessed a dendritic spine with a clear postsynaptic density (PSD) visible in this section were marked and followed throughout the series for synapse immunolabeling and morphological assessments. More than 3200 total synapses, averaging > 100 synapses per monkey, were marked and analyzed. A synapse was classified as labeled if either the axon terminal or the dendritic spine contained one or more immunogold particles. This criterion was chosen given the high degree of specificity of the antibodies, and the near complete absence of gold particles observed in the peptide adsorption control experiment. For synapse areal density, the combined number of synapses marked in each reference section was expressed as a function of the sum total image area. Using criteria similar to those employed extensively by our group (He et al. 2000; Wang et al. 2010; Hara, Punsoni, et al. 2012; Bloss et al. 2013 ), 4 presynaptic bins, and 4 postsynaptic bins were used to categorize the location of each gold particle within a labeled synapse. The presynaptic bins were: (1) the active zone (within 30 nm of the presynaptic membrane, and directly apposed to a spine PSD that was visible in the reference section); (2) the plasmalemmal bin (within 30 nm of the plasma membrane, but outside the presynaptic active zone); (3) the cytoplasmic bin (the axon terminal core >30 nm from the plasma membrane, and outside the active zone); and, (4) the mitochondrial bin (within 30 nm of the mitochondrial outer membrane, the mitochondrial core, and on sections adjacent to those containing the last visible mitochondrion). The postsynaptic bins were: (1) the synaptic bin, which included the synaptic cleft, the PSD (within 30 nm of the postsynaptic membrane), and the perisynaptic zone (the plasma membrane located within 30 nm of the lateral edges of the PSD, and on sections adjacent to those containing the last visible PSD); (2) the subsynaptic bin (subjacent to the synaptic zone, but within 60 nm of the postsynaptic membrane); (3) the plasmalemmal bin (within 30 nm of the plasma membrane, but outside the synaptic bin); and, (4) the cytoplasmic bin (the core of the dendritic spine >30 nm from the plasma membrane, and outside the synaptic and subsynaptic bins).
Morphological data were obtained for each labeled and unlabeled synapse using measurement tools available in Adobe Photoshop CS5 Extended (version 12.0.4 ×64, Adobe systems Incorporated). The diameter of each presynaptic terminal was determined using the ruler tool to measure the maximal width oriented parallel to the presynaptic active zone. The lasso tool was used to measure the area of each presynaptic mitochondrion across the 5 serial sections. The head diameter and PSD lengths (across the 5 serial sections) for each dendritic spine were measured using the ruler tool. For perforated synapses, which were defined by the presence of a discontinuous PSD visible in any of the 5 serial sections, the length of each PSD segment was measured individually. For each synapse, the total PSD length (combined lengths of all PSD segments across the 5 serial sections) was multiplied by the section thickness (90 nm) to derive the PSD area; this was also used as an area estimate for the synaptic cleft, the subsynaptic bin, and the presynaptic active zone. For the perisynaptic area, the combined lengths of the perisynaptic zones across the 5 serial sections were added to twice the smallest PSD length, which was then multiplied by the section thickness. Similar to our previous work (Hara, Punsoni, et al. 2012) , cytoplasmic volume and plasmalemmal surface area estimates were derived for each axon terminal and spine using the measured diameter as the diameter value for a sphere, and for a half of a sphere, respectively. Each electron micrograph was adjusted in its entirety for brightness, contrast, and sharpness using Adobe Photoshop CS5 Extended (version 12.0.4 ×64, Adobe systems Incorporated).
Methodological Considerations
Serial section immunoelectron microscopy is the best available method for high-resolution, detailed assessment of the ultrastructural and molecular organization of individual synapses. We have previously established that a series of 5 ultrathin sections is ideal for highly accurate assessments of synapse morphology (Hara, Punsoni, et al. 2012; Bloss et al. 2013) . While most postsynaptic densities were reliably captured in their entirety within each series, this was not always the case. However, the proportion of synapses categorized as such did not differ between groups (multivariate ANOVA and one-way ANOVA; P values > 0.05; data not shown). Finally, as with previous work by our group, the present study was designed to obtain the maximal amount of information for each synapse across a large population, with a principal focus on the comprehensive quantitative assessment of immunogold labeling (Hara, Punsoni, et al. 2012; Bloss et al. 2013) . To this end, we chose a synapse sampling scheme that we believe effectively harnessed the advantages of serial compared with single section methods. While we cannot rule out that this procedure was subject to bias, we expect that such bias would be far less than a single section analysis and largely equivalent across all groups. Importantly, the determination of the number of synaptic profiles per unit micrograph area (synapse areal density) allowed for assessment of the relative changes in synapse density between groups, despite that estimates of absolute values would likely differ from those reported here. Synapse density data in this study closely correlated with our previous estimates in individual layer III dlPFC neurons from the same monkeys (Pearson's correlation; n = 22 monkeys, r = 0.425, P = 0.049), confirming that the subset of synapses selected for inclusion accurately represented the population as a whole (Hao et al. 2007 ).
Statistical Analyses
All statistical analyses were performed using IBM SPSS Statistics software version 20 (IBM Corporation). All behavioral and neurobiological data followed a normal distribution (one-sample Kolmogorov-Smirnov test, P values >0.05), and accordingly, parametric statistics were applied. A repeated-measures ANOVA was used to determine whether DR performance accuracy at successively longer delay intervals differed across age and/or treatment groups. A multivariate ANOVA with age and treatment as fixed factors was used to compare all neurobiological measures. A one-way multivariate ANOVA was then used to assess possible differences in these measures across the 4 groups (young OVX + V, young OVX + E, aged OVX + V, aged OVX + E). Tukey's post hoc tests were performed to assess between-group differences while correcting for multiple comparisons. To verify that a sufficient sample size was used to support the data, observed power was determined using an ANOVA. A Student's t test (equal variance not assumed) was used to compare means where indicated. A bivariate Pearson's product-moment correlation was used to determine relationships between variables. Because of the limited number of monkeys available for analysis, together with the risk of overcorrection, Pearson productmoment correlations were not corrected for multiple comparisons. All analyses were 2-tailed, and significance was defined as P ≤ 0.05 for all statistical tests. All data are reported as the mean ± SEM, calculated based on one aggregate (i.e., average) value per animal.
Results
Modest Improvement in DR Performance in Aged Ovariectomized Monkeys with Estrogen Replacement
The subset of 26 monkeys included in the present study was part of a larger cohort examined in earlier work by our group (Rapp et al. 2003; Hao et al. 2006 Hao et al. , 2007 Yague et al. 2008; Wang et al. 2010) . Therefore, DR data for monkeys in this study were also included in Rapp et al. (2003) and Hao et al. (2007) , and our behavioral findings are described in detail in these manuscripts. DR accuracy across increasing memory delays (5-, 10-, 15-, 30-, and 60 -s) for the subset of monkeys available for inclusion here is shown in Figure 1 . Percent correct scores declined significantly across delays of 5-to 60-s (repeated-measures ANOVA; main delay effect, F 1,22 = 17.045, P < 0.0001, observed power = 1.000), confirming that the test effectively interrogated working memory. Group difference failed to reach significance (repeated-measures ANOVA; main group effect; P = 0.100), likely in large part due to high within-group variance in this subset of monkeys that is smaller than in the original report; high variance was especially evident in the young group in which a number of monkeys exhibited unexpectedly poor performance (Rapp et al. 2003; Hao et al. 2007 ). However, in agreement with Rapp et al. (2003) , performance accuracy was notably numerically lower in aged ovariectomized (OVX) monkeys administered vehicle (V) versus estradiol (E). As published previously, aged OVX + E monkeys performed at a level that was nearly equivalent to that of young OVX and ovary-intact monkeys (Rapp et al. 2003; Hao et al. 2007 ). Finally, DR task performance was insensitive to ovarian hormone status in young OVX monkeys, consistent with findings from other groups (Voytko 2000) . Thus, young monkeys may have greater cognitive resiliency (high DR performance accuracy), regardless of the presence of circulating estrogens (Hao et al. 2007 ).
Partial Restoration of GPER1-containing Synapses with Estrogen Replacement in Aged Ovariectomized Monkeys
We previously reported a significant age-related decrease in the density of spines along dendrites of individual Lucifer yellowfilled layer III PFC pyramidal neurons from OVX monkeys (Hao et al. 2007 ). In the present study, assessment at the ultrastructural level in a subset of these same monkeys revealed a qualitatively similar reduction in the areal density of synapses in aged compared with young OVX monkeys (multivariate ANOVA; main age effect, F 1,22 = 14.777, P = 0.001, observed power = 0.957; Figure 2A ). This age-dependent loss of synapses persisted when analyses were restricted to synapses containing GPER1 immunogold particles (main age effect, F 1,22 = 13.971, P = 0.001, observed power = 0.946; Figure 2B ), then when analyses were further restricted to GPER1-containing synapses with nonperforated (main age effect, F 1,22 = 7.08, P = 0.014, observed power = 0.720; Figure 2C ), but not with perforated (P > 0.05; Fig. 2D ) postsynaptic densities (PSDs). Despite the lack of a significant interaction between age and treatment factors (P > 0.05), synapses-specifically GPER1-containing synapses with nonperforated PSDs-were numerically partially rescued in aged OVX monkeys with estrogen replacement. Notably, the heads of nonperforated synapse spines included in this ultrastructural dataset were on average similar in diameter (∼ 0.4 μm) to the small, highly plastic spines that we had previously shown to be particularly vulnerable to aging and estrogen deprivation (Hao et al. 2007 ). Thus, the estradiol-dependent partial restoration of these smaller, nonperforated synapse spines in aged OVX monkeys observed here compliment this previous report demonstrating at the ultrastructural level that these synapses contain GPER1 (Hao et al. 2007) .
A one-way ANOVA across all 4 groups (young OVX + V, young OVX + E, aged OVX + V, aged OVX + E) was performed in order to determine whether neurobiological measures were statistically different between select groups. This analysis revealed a significant main effect of group for the areal densities of synapses (one-way ANOVA; F 3,22 = 6.01, P = 0.004, observed power = 0.918), GPER1-containing synapses (F 3,22 = 5.071, P = 0.005, observed power = 0.902), and GPER1-containing synapses with nonperforated PSDs (F 3,22 = 3.541, P = 0.031, observed power = 0.705). Tukey's post hoc comparisons showed that the areal density of synapses in aged OVX + V monkeys was significantly lower than in both young OVX + V (P = 0.007) and young OVX + E (P = 0.010) monkeys, while the latter groups did not differ from one another (P > 0.05; Fig. 2A ). Areal density of synapses in aged OVX + V monkeys also did not significantly differ from those of aged OVX + E monkeys (P > 0.05). This pattern persisted when analyses were restricted to GPER1-containing synapses (aged OVX + V vs. young OVX + V, P = 0.01; aged OVX + V vs. young OVX + E, P = 0.011; young OXV + V vs. young OVX + E, P > 0.05; aged OVX + V vs. aged OVX + E, P > 0.05; Fig. 2B) ; and, when only GPER1-containing synapses with nonperforated PSDs were considered (aged OVX + V vs. young OVX + V, P = 0.047; aged OVX + V vs. young OVX + E, P = 0.004; young OXV + V vs. young OVX + E, P > 0.05; aged OVX + V Figure 1 . DR task performance accuracy. V, vehicle; E, estradiol. Group results are expressed as the mean ± SEM. Young OXV + V, n = 7; young OVX + E, n = 6; aged OVX + V, n = 7; aged OVX + E, n = 6. vs. aged OVX + E, P > 0.05; Fig. 2C ). Unlike aged OVX + V monkeys, aged OVX + E monkeys exhibited areal density measures similar to, albeit numerically lower than young OVX monkeys in both treatment groups, regardless of GPER1 content, or PSD type (P values > 0.05).
Abundance and Subcellular Distributions of GPER1-containing Synapses Across Age and Hormone Status
The majority of axon terminals (93%) and dendritic spines (81%) assessed contained GPER1 immunogold particles. Thus, most synapses contained GPER1 immunogold particles within either the presynaptic, or the postsynaptic compartment (i.e., within the axon terminal or the dendritic spine, respectively), and were classified as labeled. The percentage of synapses containing GPER1 did not differ with age or treatment status (multivariate ANOVA), and was similar across all 4 groups of monkeys (oneway ANOVA; P values >0.05; data not shown). The average number of GPER1 gold particles in axon terminals and dendritic spines also failed to differ with age or treatment status (multivariate ANOVA), or between groups (one-way ANOVA; P values >0.05; Fig. 3 ) indicating that GPER1 expression levels remain relatively stable with age and estrogen status. Further, the number of gold particles localized to the presynaptic compartment was approximately 2-fold that of the postsynaptic compartment for each of 4 groups (Fig. 3) , a finding that likely reflects the significantly larger size of axon terminals relative to dendritic spines (mean ± SEM; diameter, axon terminal = 0.838 ± 0.017 µm vs. dendritic spine = 0.550 ± 0.006 µm; Student's t-test, t 25 = −17.814, P = 0.0001).
To determine whether the subcellular distributions of GPER1 were different with age or hormone status, each gold particle was classified as belonging to 1 of 8 synaptic bins (4 pre-and 4 postsynaptic bins) based on its location within an individual synapse followed across 5 serial ultrathin sections (Fig. 4A,B ). There were no significant effects of age or treatment status (multivariate ANOVA), or reliable between-group effects (one-way ANOVA) on the number of GPER1 gold particles within any of the 8 synaptic bins (P values >0.05; data not shown). These synaptic binning distributions did, however, demonstrate that GPER1 was predominately localized to the cytoplasm (often associated with synaptic vesicles) and mitochondria of axon terminals, comprising 33% and 24% of the sum total number of gold particles per synapse, respectively (Fig. 4C) . GPER1 was also highly enriched in the plasmalemmal domains of both terminals and spines, as well as the mean ± SEM. Young OXV + V, n = 7; young OVX + E, n = 6; aged OVX + V, n = 7; aged OVX + E, n = 6. vehicle; E, estradiol. Group results are expressed as the mean ± SEM. Significant age effects indicated by *P < 0.05 and **P < 0.01. Young OXV + V, n = 7; young OVX + E, n = 6; aged OVX + V, n = 7; aged OVX + E, n = 6. as in the cytoplasmic and synaptic (comprised of both the PSD and bordering perisynaptic region) domains of spines. Within the spine cytoplasm, GPER1 was often present on endomembranous structures, including the spine apparatus (Fig. 4A) . The localization of GPER1 to the PSD and presynaptic active zone is qualitatively similar to patterns previously observed by others in rodent hippocampal and prefrontal cortical synapses (Akama et al. 2013; Waters et al. 2015) .
To test for potential shifts in synaptic dimensions that might accompany the overall stability observed in GPER1 immunogold particle number, the densities of GPER1 immunogold particles were calculated for each synaptic domain (see Materials & Methods for details). There were no significant effects of age or treatment status (multivariate ANOVA), or between-group effects (one-way ANOVA) on the density of GPER1 gold particles in any of the 8 synaptic domains (P values >0.05).
Lower Percentage of GPER1 Within the Subsynaptic Domain of Synapses From Aged Ovariectomized Monkeys and its Association with Synapse Density
To assess possible age-or treatment-dependent shifts in the distributions of GPER1 immunogold particles across synaptic domains, the number of gold particles localized to each synaptic bin was expressed as a percentage of the total number of gold particles in either the presynaptic or the postsynaptic compartment. A multivariate ANOVA showed a main effect of age (F 1,22 = 8.218, P = 0.009, observed power = 0.782), but not of treatment (P > 0.05), on the percentage of postsynaptic GPER1 immunogold particles localized specifically within the subsynaptic domain (Fig. 5A) . Overall, the percentage of postsynaptic GPER1 within this domain was ∼23% lower in spines from aged compared with young OVX monkeys, regardless of the presence of circulating estrogens. Tukey's post hoc comparisons showed a significantly lower percentage of postsynaptic gold particles in the subsynaptic domain of spines from aged OVX + E versus young OVX + E (P = 0.048). There was no effect of age or treatment (multivariate ANOVA), or of group (one-way ANOVA) on the percentage of immunogold particles localized to any other pre-or postsynaptic domain (P values >0.05; data not shown).
Bivariate Pearson's correlation analyses were used to evaluate potential relationships between GPER1 distributions and synapse density. A positive relationship emerged between the percentage of postsynaptic GPER1 in the subsynaptic domain and the areal density of GPER1-containing synapses (Pearson's correlation; n = 26 monkeys, r = 0.432, P = 0.028; Fig. 5B, left) . When analyses perforated synapse spine. The postsynaptic density is readily apparent (black arrowheads). GPER1 immunogold particles are shown localized to mitochondrial (orange arrowheads), cytoplasmic (light beige arrowheads), synaptic (light green arrowheads), and subsynaptic (dark green arrowheads) domains. For each series, the third section (outlined with a black box) was used as a reference section, and all synapses that possessed a dendritic spine with a clear postsynaptic density in this section were marked and followed throughout the series for morphological and immunolabeling assessments. At, axon terminal; sp, dendritic spine; sa, spine apparatus. Scale bar, 250 nm.
(B), Schematic diagram illustrating the 8 synaptic domains used to categorize the location of each GPER1 immunogold particle: active zone (1); mitochondrial (2); plasmalemmal, axon terminal (3); cytoplasmic, axon terminal (4); synaptic (5); subsynaptic (6); plasmalemmal, spine (7); and, cytoplasmic, spine (8). (C), Plots of the number of GPER1 immunogold particles within axon terminal (left), and dendritic spine (right) compartments averaged across all monkeys. Data are expressed as the mean ± SEM. n = 3141 synapses.
were restricted to GPER1-containing synapses with nonperforated PSDs, the association between postsynaptic GPER1 in the subsynaptic domain and synapse density persisted (Pearson's correlation; n = 26 monkeys, r = 0.396, P = 0.045; Fig. 5B, right) . The relationship between subsynaptic GPER1 and synapse density was altogether absent for perforated synapse spines (Pearson's correlation; n = 26 monkeys, r = 0.152, P > 0.05; data not shown).
No Correlation Between Synaptic Distributions of GPER1 and Individual DR Accuracy
GPER1 is a membrane receptor that interacts with PSD proteins, and may influence second messenger systems that impact synaptic plasticity and cognition. Therefore, bivariate Pearson's correlation analyses were used to test whether synaptic GPER1, and GPER1 localized within other postsynaptic compartments, was associated with working memory performance (average DR accuracy); these correlations, however, did not reach the significance level.
Discussion
This study is the first investigation of the precise subcellular distributions of GPER1 within synapses of monkey dlPFC, and their potential regulation with aging and surgical menopause. GPER1 was localized to the majority of synapses, including a small, nonperforated spine synapse subclass lost with age, and partly restored with cyclic estrogen treatment. It was widely distributed across multiple synaptic domains, and its expression was largely stable with age and ovarian hormone status. Greater representation of subsynaptic GPER1 was associated with higher synapse density, but there was no apparent correlation between synaptic GPER1 distributions and working memory performance on an individual subject basis. An integrative model of the proposed relationship of synaptic GPER1 distributions with aging and estradiol is shown in Figure 6 . Together, our results suggest that GPER1 is strategically positioned to modulate synaptic plasticity, and that its synaptic localization is coupled to synapse density.
Age and Estradiol Effects on the Areal Density of Synapses Containing GPER1
We previously determined by single section immunoelectron microscopy that approximately half of dlPFC synapses from the same monkeys examined here were labeled for ER-α (Wang et al. 2010) . However, because the 2-dimensional approach used in our earlier work tends to underestimate the number of labeled profiles, it is possible that the percentage of ER-α-containing synapses was, in actuality, somewhat higher (Yildirim et al. particles localized to the subsynaptic domain of nonperforated, but not of perforated, synapse spines is lower in aged than in young monkeys, and is associated with a low synapse density (2). Diagrams were drawn based on current results as well as data from previous work (Hao et al. 2006 (Hao et al. , 2007 . Npf, nonperforated; pf, perforated. percentage of postsynaptic GPER1 immunogold particles localized to the subsynaptic domain and the areal density of GPER1-containing synapses (left), and of GPER1-containing synapses with nonperforated PSDs (right) for each monkey. V, vehicle; E, estradiol. Group results are expressed as the mean ± SEM. Significant age effect indicated by **P < 0.01. Young OXV + V, n = 7; young OVX + E, n = 6; aged OVX + V, n = 7; aged OVX + E, n = 6.
2008; Bloss et al. 2013) . That a markedly high percentage of monkey dlPFC synapses contained GPER1 relative to ER-α is in agreement with findings from a recent study by Almey et al. (2014) indicating that GPER1 is twice as abundant as estrogen receptor ER-α in female rat medial PFC. It is important to note that the primary antibody chosen to detect GPER1 in the present study was well characterized, and extensively tested (Isensee et al. 2009; Vivacqua et al. 2009; Lappano et al. 2010; Franco et al. 2011; Rago et al. 2011; Recchia et al. 2011; Almey et al. 2014) . Antibody specificity was confirmed in cell culture experiments using short hairpin RNA construct to knock down human GPER1 expression (Vivacqua et al. 2009; Lappano et al. 2010; ) and, in our hands, by a peptide adsorption control experiment demonstrating the absence of immunogold labeling. The areal density of GPER1-containing synapses was significantly lower with age, primarily due to the specific loss of synapses that possessed nonperforated, but not perforated, postsynaptic densities (PSDs). This finding compliments our previous confocal microscopy report of spine loss with age and estrogen deprivation in individual dlPFC neurons from the same monkeys (Hao et al. 2007 ). The average head diameter of nonperforated synapse spines included here was similar to that of the small, thin spines described at the confocal level, which likely possessed nonperforated PSDs almost exclusively (Bourne and Harris 2007; Hao et al. 2007 ). This highly plastic morphological subclass is considered a critical synaptic substrate for dlPFCdependent cognitive tasks such as the DR task, and is an important index of plasticity in the aging brain (Kasai et al. 2003 (Kasai et al. , 2010 Holtmaat et al. 2005; Hao et al. 2007; Dumitriu et al. 2010; Morrison and Baxter 2014) . Whether GPER1 function specifically targets the health of small synapses remains to be determined. However, there is evidence that GPER1 mediates excitatory synaptic transmission through selective regulation of GluN2B-containing NMDA receptors that typically dominate this synapse type (Liu et al. 2012; Liu and Zhao 2013) . How our data support a possible role for GPER1 in promoting nonperforated synapse spine density is discussed in detail below.
Subcellular Sites of GPER1 and its Regulation with Age and Estradiol
The localization of GPER1 to dendritic spines, and to axon terminals where it was markedly abundant, is consistent with studies in rodent forebrain (Akama et al. 2013; Almey et al. 2014; Waters et al. 2015) . Within these compartments, GPER1 was distributed to the plasmalemmal and cytoplasmic domains; to the postsynaptic density and its subjacent subsynaptic zone; and, to the active zone and presynaptic mitochondria. Many cytoplasmic GPER1 gold particles were associated with membranous structures, such as synaptic vesicles in the axon terminals and the spine apparatus postsynaptically. Such highly diversified subcellular localizations suggest that GPER1 mediates the complex activities of estrogen within the synapse, as well as other spine and terminal domains.
We found that GPER1 distributions were largely insensitive to age and to circulating estrogen levels. These results extend our previous finding that ER-α levels were also stable within dlPFC synapses from the same monkeys (Wang et al. 2010) . Our data showing insensitivity of GPER1 abundance to estrogen treatment is consistent with a recent study in mice showing that GPER1 distributions in hippocampal synapses between males and females, and across estrous cycle stage, were comparable . However, they found that high levels of estrogen ( proestrus phase) were associated with increased axonal GPER1 expression in females. Thus, age and/or estrogen-dependent changes in GPER1 expression may be specific to select species, brain regions, or neuronal compartments.
Relationship Between Subsynaptic GPER1 Expression and Synapse Areal Density
The percentage of GPER1 immunogold particles localized to the subsynaptic domain was significantly decreased with age. Low subsynaptic GPER1 representation was associated with low synapse densities, and this was often the case for aged monkeys regardless of hormone status. Conversely, young monkeys generally exhibited high GPER1 representation in this domain, together with high synapse densities. These relationships were driven predominately by small nonperforated synapse spines as the correlation failed to reach significance when analyses were restricted to the perforated subclass.
The association between subsynaptic GPER1 and spine density is consistent with recent findings that GPER1-expressing cortical neurons had a significantly higher spine density versus control neurons, and that GPER1 agonist G1 rapidly increased dendritic spine density in OVX mouse hippocampus (Srivastava and Evans 2013; Gabor et al. 2015) . Generally, estrogen-induced increases in spine density have been attributed to activation of intracellular signaling cascades important for actin remodeling, which is highly dynamic in smaller synapses, whereas actin polymerization during remodeling processes can enhance spine stability (Fischer et al. 1998; Hering and Sheng 2001) . Within the subsynaptic zone, GPER1 is ideally positioned to link synaptic receptor activity to such signaling cascades, including the MAPK/ ERK pathway (Harris and Kater 1994; Fischer et al. 1998; Sanchez et al. 2012; Sellers et al. 2015) . We previously demonstrated at the ultrastructural level that phosphorylated-LIM kinase ( p-LIMK), which critically regulates actin dynamics through phosphorylation of cofilin, is highly enriched in the synaptic and subsynaptic domains of rat hippocampal and PFC synapses (Yildirim et al. 2008; Bloss et al. 2013) . It has been postulated that GPER1 activation initiates early upstream events in the LIMK-cofilin cascade, however this possibility has yet to be explored empirically . Interactions between GPER1 and spine scaffolding proteins such as PSD-95 and SAP97 may also be key to understanding the linkage between subsynaptic GPER1 and synaptic density (Akama et al. 2013; Waters et al. 2015) . Future studies are needed to more finely resolve the precise mechanisms underlying this important relationship, and their downstream effects on the functional capacities of dlPFC.
Absence of Association Between Synaptic GPER1 Distributions and Working Memory Performance
The present study failed to demonstrate a significant, withinsubject relationship between subcellular distributions of GPER1 in dlPFC synapses and individual performance accuracy on the DR test of working memory. Therefore, while our results are consistent with the possibility that changes in synaptic GPER1 are among the cascade of events that contribute to compromised memory-related synaptic plasticity in the aged primate dlPFC, these changes may not be the proximal cause of working memory impairment in a tight one-to-one association. This finding is an important one in view of the growing body of evidence from rodent studies supporting the beneficial effects of GPER1 activation on learning and memory processes (Hammond et al. 2009 (Hammond et al. , 2012 Hawley et al. 2014; Gabor et al. 2015) . The behavioral consequences of GPER1 may be species-, or task-dependent, or reliant on its precise neuronal distributions and actions within specific brain regions. In addition, receptor function, rather than number, may be a major factor. For example, the ability of GPER1 to trigger cell signaling cascades may be altered with aging and/or estrogen deprivation. It is also possible that coordinate physiological responses of a precise complement of estrogen receptors in monkey dlPFC synapses, rather than of any given receptor alone, ultimately contributes to estrogen-sensitive cognitive processes.
Conclusion
A detailed understanding of the molecular profiles of optimally healthy synapses is a prerequisite for identifying potential approaches for promoting successful cognitive aging. In the present study, we demonstrated that GPER1 is ideally positioned to support diverse functions important to the modulation of synaptic plasticity in monkey dlPFC with aging and menopause for the first time. One principal outcome from this work was the possibility that estrogenic action on synapse density may be mediated, in part, by GPER1 within the dendritic spine subsynaptic domain. Hence, the precise distributions of GPER1 within the synapse may have important implications for synaptic health, and may represent a future therapeutic target.
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